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Helicase structures: a new twist on DNA unwinding
Kenneth J Marians
The crystal structures of two members of the SF1 family of
helicases, Rep and PcrA, and one member of the SF2
family of helicases, the HCV RNA helicase, have recently
been solved. These structures illuminate the roles of the
conserved helicase motifs in catalytic function and offer
clues as to how these proteins can translocate along DNA.
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Helicases are enzymes that separate the strands of duplex
DNA or RNA. They are involved in many aspects of cel-
lular metabolism including DNA replication, repair and
recombination, as well as transcription and translation [1,2].
The unwinding of a stable nucleic acid duplex requires
energy and all known helicases are nucleic acid-depen-
dent NTPases. Many of these enzymes are processive, in-
dicating that they must be capable of translocation along
the nucleic acid molecule. Some helicases move along
DNA quite rapidly. The DNA helicase RecBCD, for ex-
ample, translocates at 500–1000 nucleotides/sec [2].
DNA helicases were first identified over twenty years ago
[3,4] and although we now know quite a lot about how
these enzymes bind DNA and hydrolyze NTPs, and can
determine the direction in which they move along DNA,
we know little about the molecular mechanisms of translo-
cation and DNA unwinding. The crystal structures of the
Bacillus stearothermophilus DNA helicase PcrA bound to
ADP [5], the RNA helicase from hepatitis C virus [6], and
the Escherichia coli DNA helicase Rep in a ternary complex
with ADP and single-stranded (ss) DNA [7] now offer us
the first high-resolution views of how this class of enzymes
might accomplish their function.
The helicase family now consists of over 200 proteins,
many of which have been designated as putative helicases
based solely on the presence of some or all of seven con-
served amino acid motifs (Figure 1). The helicase genes
are grouped into three super families, SF1, SF2 and SF3.
The hexameric replication fork helicases, such as E. coli
DnaB and the proton translocating F1 ATPase, comprise
distinct and separate small families [8]. PcrA, Rep and
UvrD (a protein closely related to Rep) are members of
the SF1 family, whereas the HCV helicase is a member of
the SF2 family. SF1 and SF2 family members possess all
seven sequence motifs, although the consensus sequences
differ somewhat between the families. In other helicase
families, the number of conserved motifs differ; there are
also additional motifs that are family-specific. Motifs I and
II correspond to the A and B motifs of the Walker box
nucleoside triphosphate-binding site [9] and are shared by
all known and putative helicases. The helicase crystal
structures have revealed potential roles for these and the
other conserved motifs.
Although all three helicases discussed here crystallized as
monomers, the Rep crystal unit contained two Rep mono-
mers with distinctly different conformations bound to the
same dT16 strand of DNA. The helicases have the same
basic structural units. Rep and PcrA are composed of two
domains (1 and 2), with each domain divided into two sub-
domains (A and B). Subdomains 1A and 2A are character-
ized by an extensive central b sheet flanked on either side
by several a helices. Subdomains 1B and 2B are primarily
a helical and, with limited contact, form the sides of a
large cleft that is floored by domains 1A and 2A (Figure 2).
Interestingly, these latter two subdomains are homologous
with each other and with the DNA pairing enzyme RecA.
The overall structure shared by Rep and PcrA has been
described as that of a crab claw with one pincer larger
than the other. The seven conserved amino acid motifs (I,
Ia–VI; Figure 1) decorate the bottom and sides of the
cleft formed by the intersection of the four subdomains
Figure 1
Conserved amino acid motifs common to
helicases. The regions corresponding to the
seven conserved helicase motifs in Rep, PcrA
and UvrD, according to Gorbalenya and
Koonin [8], are shown.
                I               Ia           II             III
Rep    N- 20 LAGAGSGKTR 23 TFTNKAAAREM 149 VDEYQDT 19 VVGDDDQSIYSWRGA
PcrA   N- 25 MAGAGSGKTR 23 TFTNKAAAREM 149 VDEYQDT 19 VVGDDDQSIYSWRGA
UvrD   N- 27 LAGAGSGKTR 23 TFTNKAAAREM 148 VDEFQDT 19 IVGDDDQSIYSWRGA



         IV               V                 VI
  17 IKLEQNYRS 274 LMTLHASKGLEFPYV 21 DEERRLAYVGITRA  70 -C
  17 IFLEQNYRS 267 LMTMHSAKGLEFPIV 24 QEERRICYVAITRA  71 -C
  17 IRLEQNYRS 270 LMTLHSAKGLEFPQV 22 EEERRLAYGVGTRA 114 -C

(Figure 3). The HCV helicase appears to contain subdo-
mains 1A, 2A, and 2B, but is lacking 1B. It should be
noted, however, that this protein is produced by prote-
olytic cleavage from a bifunctional viral protein, NS3. It is
possible, therefore, that subdomain 1B is substituted in
the intact protein.
The subdomains of PcrA and Rep are nearly superimpos-
able — 83% of the a carbon atoms of subdomains 1A and
2A align with a root mean square (rms) deviation of 1.4 Å
(Figure 4a), 87% of the a carbon atoms of subdomain 1B
align with a rms deviation of 1.5 Å (Figure 4b), and 73% of
the a carbon atoms of subdomain 2B align with a rms
deviation of 1.6 Å (Figure 4c). In the crystals, the proteins
differ essentially in the disposition of the linker regions
between subdomains 1A and 1B and subdomains 2A and
2B. This high degree of structural conservation clearly
bespeaks a common mechanism of action.
The DNA- and ATP-binding domains of Rep are close in
space and are composed of many of the seven conserved
helicase motifs. The 5¢ end of the ssDNA is bound to the
bottom of the cleft formed by the four subdomains and
the 3¢ end of the ssDNA is bound to a positively charged
groove formed between subdomains 1A and 1B (Figure 2).
Eight nucleotides make contact with one monomer of the
protein. Modeling studies indicate that DNA bound in the
reverse orientation would lose stacking interactions and
have less optimal protein–DNA backbone interactions [7],
suggesting that polarity of translocation along DNA is dic-
tated, in part, by the disposition of the DNA bound to the
enzyme. Amino acids in motifs Ia, III and V contribute to
the DNA-binding domain. The nucleotide-binding domain
is at the base of the interface between subdomains 1A and
2A. This domain is composed of amino acid residues in
motifs I and IV.
Helicases must couple the cycle of nucleotide binding,
hydrolysis and release to an ordered series of conforma-
tional changes that allow the protein to both move along
DNA and denature the duplex. This presumably requires
conformation changes in the structure of the DNA-binding
site. The proximity of the DNA- and nucleotide-binding
sites in Rep offer some insight to how this might be
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Figure 2
Stereo view of the open structure of Rep
bound to dT16. b strands are shown in yellow,
helices in magenta and intervening regions in
light blue. The DNA is in dark blue with
phosphate groups as red spheres. The
subdomains are labeled as in the text.
(Reproduced from [7] with kind permission of
the authors.)
Figure 3
Location of the conserved helicase motifs in the open structure of Rep.
Also highlighted in light green is the motif TXGX that is found in the
DEAD, DEXH and DEAH families of helicases (named after the
specific sequences in motif II). (Reproduced from [7] with kind
permission of the authors.)
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accomplished (Figure 5). Various secondary structural ele-
ments make contact both with the residues that make up
the ATP-binding site and with those that comprise the
DNA-binding site. Thus, conformational changes that arise
in the ATP-binding site as a result of ATP hydrolysis, for
example, can be transmitted directly via the linking region
Figure 4
Alignments of the a carbon atoms of the
subdomains of Rep and PcrA. (a) Alignment
of subdomains 1A and 2A. Rep is in yellow
and PcrA is in light blue. The hinge between
subdomains 2A and 2B in Rep is highlighted
in red (residues 372–376, and residues 538
and 547). ADP from the PcrA structure is in
magenta. (b) Alignment of subdomain 1B.
PcrA (residues 111–207) is in light blue, and
Rep (residues 103-197) is in yellow. (c)
Alignment of subdomain 2B. PcrA (residues
385–511) is in light blue, Rep (residues
376–538) is in yellow. Parts (a–c) are drawn
to the same scale. The orientation of
subdomains 1B and 2B in (b) and (c),
respectively, have been changed relative to (a)
to best show the extent of alignment.
Figure 5
Close-up stereo view of the DNA- and ADP-
binding sites in Rep. Residues involved in
ssDNA binding and ATP binding are in yellow
and orange, respectively. ADP and DNA are in
green and purple, respectively. Motif II is in
dark blue. (Reproduced from [7] with kind
permission of the authors.)
to the DNA-binding site. By way of illustration, motif II lies
on the b sheet of subdomain 1A between motifs Ia and III.
Residues in motif II are, based on a comparison with the
RecA structure, probably involved in the chemistry of
nucleotide hydrolysis. Thus, Korolev et al. [7] suggest that
nucleotide binding and hydrolysis might result in alter-
ations of the central sheet in subdomain 1A, thereby alter-
ing the DNA-binding site. This is supported by muta-
genesis studies with UvrD, in which a Asp248fi Asn
mutation in motif III, corresponding to Asp242fi Asn in
Rep, results in an enzyme that can only bind ATP and
DNA when both are present [10]. The wild-type enzyme,
of course, can bind either substrate in isolation. Similarly,
residues in motif VI contact residues in motif IV and III,
providing another connection between the nucleotide and
DNA binding domains.
Of course, the goal of solving crystal structures of helicases
is to illuminate the mechanism of translocation along DNA.
The data before us now does not provide a definitive mech-
anism, however, the paper by Korolev et al. [7] presents the
interesting observation that two distinct Rep monomers
were observed in the crystal unit, bound to opposite ends of
the same dT16 oligomer. The structure described thus far in
this article is considered as the ‘open’ structure. In the
‘closed’ form, the 2B subdomain has swiveled 130° about a
hinge formed by residues 372–376 and 538–546 (Figure 6).
Because both forms of Rep are bound to the same DNA,
the result of this rotation in the crystal unit is that Rep’s
DNA contacts shift along the dT16 strand from the 5¢ end,
where the protein is bound in the open form, to the 3¢ end
in the closed form, although the amino acid residues
involved in major contacts remain the same in each case. In
addition, the 3¢ end of the oligomer is buried and the large
cleft formed in the open structure by the intersection of the
four subdomains is closed. Because the closed conformation
was not observed in the PcrA structure, it is presumably a
result of ternary complex formation. It would be a cruel
joke if this large conformational rearrangement were not
part of the mechanism of translocation and/or DNA un-
winding. The question, of course, is how does the confor-
mational change effect either of these events?
Any mechanism of vectorial translocation of a protein along
DNA requires two DNA-binding sites. The models of
translocation come in two basic varieties: an inchworm type
of movement in which both DNA-binding sites can be
present in the same protein molecule and a rolling model
in which the protein is oligomeric and the two binding sites
are provided by distinct protomers [2]. Lohman and his
colleagues [2,11] have amassed considerable data in sup-
port of a rolling model for Rep. They have shown that: the
protein dimerizes when bound to DNA; a crosslinked di-
mer is active for DNA unwinding; each monomer in the
dimer can bind single- or double-stranded DNA; the bind-
ing and hydrolysis of ATP allosterically regulates the affin-
ity of each monomer for DNA; and the protein can skip
over a phosphodiester backbone of reverse polarity, which
is embedded in a 3¢ ssDNA tail and attached to a duplex,
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Figure 6
Space-filling models of the open and closed forms of Rep bound to
DNA. Subdomains 1A, 2A and 1B are in yellow, red and green,
respectively. Subdomain 2B is in dark blue in the open form (a) and
light blue in the closed form (b). If the orientation of subdomain 2B
relative to the other three subdomains in the open form is defined as
0°, then the orientation of subdomain 2B relative to the other three
subdomains in the closed form corresponds to a 130° rotation about
the hinges between subdomains 2B and 2A. (Reproduced from [7]
with kind permission of the authors.)
and still unwind the DNA, something a protein that inch-
worms might have difficulty doing.
Unfortunately, at the present time, there is no way of
determining whether the reorientation of subdomain 2B is
responsible for translocation along the DNA or DNA un-
winding. In spite of all the biochemical evidence that Rep
functions as a dimer, Rep did not crystallize as a dimer
under conditions, high protein concentrations and in the
presence of DNA, in which dimer formation would have
been expected. This difference between Rep’s biochem-
istry in solution and the structure remains a puzzle. It
should also be noted that the majority of the studies on
Rep were done with either dT16 or a 16 nucleotide hairpin
under the assumption, now questioned by the crystal struc-
ture, that two monomers of Rep could not bind indepen-
dently to the same DNA molecule. Although the binding
of two Rep monomers to the same strand of DNA in the
crystal structure may be the result of packing forces, one
must consider how this could affect the interpretation of
the biochemical data.
Movement of the protein along DNA would clearly be
tightly coupled to the unwinding stage and one would
expect that the number of nucleotides unwound per denat-
uration event would bear directly on the translocation
process. Ali and Lohman [12] have shown that the DNA
unwinding step size for UvrD is 5 nucleotides. UvrD and
Rep can form mixed heterodimers [13], thus it is reasonable
to assume that the unwinding step size for Rep is the same.
Korolev et al. [7] have proposed that Rep dimerizes via con-
tacts in the 2B subdomain. As a result of this, the swiveling
of this subdomain in one of the monomers in the dimer
would cause a translation of the relative position of the two
DNA-binding sites by 75 Å (Figure 7). This is probably too
large a motion to represent the unwinding step and it is sug-
gested that it represents translocation as a result of a rolling
motion. In this case, alternation of the closed and open
forms of Rep locally in each monomer would represent the
unwinding step. This scenario seems to lack the expected
close coordination between unwinding step size and trans-
location, however, with the latter being a movement four-
to fivefold greater than the former. A different model,
which maintains close coordination between the two pro-
cesses, is that alternation of the closed and open forms in a
monomer represents both translocation, as a result of the
change in the DNA–protein contacts, and unwinding. This
would be more along the lines of the inchworm model and
would require the major protein–DNA contacts to change
as a result of the swiveling of subdomain 2B when the
protein was bound to a partial duplex.
Additional studies are clearly required to resolve these
uncertainties. The structures of Rep bound to a partial
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Figure 7
Relative movements in a proposed dimeric Rep as a consequence
of the open to closed transition in one Rep monomer. Korolev et al.
[7] propose that Rep dimerizes via contacts mediated primarily
between subdomains 2B of each monomer. A dimer containing a
closed and open form of Rep each with bound DNA (purple) is
shown. Swiveling of the 2B subdomain (blue) about the hinge region
in the closed monomer results in a shift in the relative positions of the
DNA-binding sites in the monomers by 75 Å. Subdomains 1A, 2A,
and 1B are color coded as in Figure 6. (Reproduced from [7] with
kind permission of the authors.)
duplex and of the solution dimer of Rep bound to DNA
would be most informative, as would data on the location of
the dimerization domain for the protein. Of course, a ques-
tion of great interest, which has no obvious answer at this
time, is whether observations on the mechanism of heli-
cases such as Rep can be extended to the hexameric heli-
cases such as DnaB. For example, it is difficult to envision
how a motion such as the one described in Figure 7 could
be accommodated in a hexamer with its additional struc-
tural constraints. One hopes that the present structures are
only the tip of the iceberg and that it will not take another
twenty years to arrive at answers to these questions.
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